Abstract Transfer cells have specializations that facilitate the transport of solutes across plant exchange surfaces. ZmMRP-1 is a maize (Zea mays) endosperm transfer cellspeciWc transcriptional activator that plays a central role in the regulatory pathways controlling transfer cell diVerentiation and function. The present work investigates the signals controlling the expression of ZmMRP-1 through the production of transgenic lines of maize, Arabidopsis, tobacco and barley containing ZmMRP-1promoter:GUS reporter constructs. The GUS signal predominantly appeared in regions of active transport between source and sink tissues, including nematode-induced feeding structures and at sites of vascular connection between developing organs and the main plant vasculature. In those cases, promoter induction was associated with the initial developmental stages of transport structures. SigniWcantly, transfer cells also diVerentiated in these regions suggesting that, independent of species, location or morphological features, transfer cells might diVerentiate in a similar way under the inXuence of conserved induction signals. In planta and yeast experiments showed that the promoter activity is modulated by carbohydrates, glucose being the most eVective inducer. 
Introduction
In higher land plants, nutrients Xow between the photosynthetically active tissues (known as sources) and the storage organs or the young parts of the plant (known as sinks); the growth of the latter depends on this supply (Williams et al. 2000) . This Xux takes place through phloem sieve elements, cells that are intimately connected to modiWed companion cells by numerous, branched plasmodesmata. The companion cells, which nurse and feed the sieve elements, are located in the loading and unloading areas of the vascular tissues, and often show typical transfer cell morphology characterized by a large number of cell wall ingrowths facing towards the sieve elements (Pate and Gunning 1972; Thompson et al. 2001; OZer et al. 2002) . The development of such ingrowths has also been reported in the phloem parenchyma cells of the minor veins of Arabidopsis thaliana leaves (Haritatos et al. 2000) .
Transfer cells are seen in all plant taxonomic groups, including algae, as well as in fungi (Pate and Gunning 1972) . The secondary wall ingrowths of these cells can increase the plasma-membrane surface area by up to 20-fold, thus enhancing its transport capacity. It has been proposed that transfer cells play signiWcant roles in nutrient transport pathways. Indeed, these cells are strategically positioned at the interfaces where solute exchange takes place, for example, at leaf minor veins, at distribution areas of xylem and phloem sap in stem nodes, at sites of glandular secretion, at points of delivery of nutrients to sink organs (at the base of Xowers and fruits), and at the symplastic discontinuities between individuals belonging either to diVerent generations [i.e., at the base of seeds (Kiesselbach 1949; Cochrane and DuVus 1980; Ligrone and Gambardella 1988; OZer and Patrick 1993; Talbot et al. 2001) ], or species [for example in symbiotic associations like mycorrhizal and rhizobium-root nodule interfaces (Gunning et al. 1974; Allaway et al. 1985) and plantparasite interactions like nematode infections (Jones and Northcote 1972)] .
Developing seeds are a typical example of sink elements since they are net importers of organic and inorganic nutrients. Seeds synthesize starch from sucrose and sucrose-derived metabolites that they import from the maternal vascular system terminals. Since there are no symplastic connections between the maternal and Wlial cells, the solutes are apoplastically uploaded by the embryo and the endosperm. To promote solute uptake, in many species the outer cell layers of the storage organs (generally the endosperm in monocots and the cotyledons in dicots) diVerentiate into transfer cells in the region facing the maternal vascular terminals. In the maize kernel, at the base of the endosperm and adjacent to the pedicel, the aleurone layer is substituted by the transfer cell layer; this is specialized for nutrient uptake and transport from the maternal tissues to the developing endosperm Royo et al. 2007) .
Transfer cell diVerentiation presumably occurs as a response to an increased demand for solute transport. Little is known about the molecular signals that induce transfer cell diVerentiation, but it is likely that transported solutes are involved in the process (OZer et al. 2002) . We have recently obtained evidence (data not shown) indicating that ZmMRP-1 (Gómez et al. 2002 ) is a primary sensor of this signal in maize and that it induces transfer cell diVerentiation at the base of the maize endosperm.
ZmMRP-1 was the Wrst transfer cell-speciWc transcriptional activator to be identiWed. The protein contains a 53-amino acid domain highly homologous to the MYB-related DNA binding domain identiWed in several DNA binding proteins of the SHAQK(Y/F)F sub-family (MybSt1, LeMYB1, LHY and CCA1). The expression of ZmMRP-1 is readily detected in the basal part of the endosperm as early as 3 days after pollination (DAP) (when the endosperm coenocyte is still organized into nuclear-cytoplasmic domains) and continues during the development of transfer cells. ZmMRP-1 also regulates the expression of the transfer cell speciWc genes BETL-1, BETL-2 (Gómez et al. 2002 ), Meg-1 (Gutiérrez-Marcos et al. 2004 and ZmTCRR-1 (Muñiz et al. 2006) .
In this work, a functional promoter of ZmMRP-1 was identiWed in maize. The introduction of this promoter into several heterologous species provided important information on the signals inducing the expression of ZmMRP-1 and, consequently, the diVerentiation of functional transfer cells. Two major causes inducing promoter activity were found to be: (1) the need to support active transport across developing exchange surfaces (such as in young branching areas) before proper vasculature connections are established; and (2) the increase in transport demand caused by the establishment of a strong sink, such as at the base of developing fruits and in nematode feeding structures. The present results also show that the promoter is modulated, in these sites, by the concentration of monosaccharides.
Materials and methods

Plasmid constructs
Plants were transformed using diVerent methods with vectors containing 850 bp of the proximal ZmMRP-1 promoter sequence (Gómez et al. 2002) fused to the GUS reporter gene.
For maize transformation, the fragment ZmMRP-1prom was obtained from the plasmid ZmMRPprom-GUS (Gómez et al. 2002) and cloned in a Gateway derived vector (Invitrogen) that contains the ZmMRP-1 promoter linked to GUS and an Arabidopsis Sac66 polyadenylation signal. The expression cassette was transferred into a GATEWAY Destination plant binary vector based on pSB12 . For barley transformation, the fragment ZmMRP-1prom-GUS-35Ster was obtained from the plasmid ZmMRPprom-GUS (Gómez et al. 2002) and cloned in the Agrobacterium binary vector pWBVec8 (Wang et al. 1998) .
To prepare the Arabidopsis and tobacco reporter lines, a pBI101.3 GUS Agrobacterium binary vector, derived from pBI101.3 (Clontech) was used to subclone the ZmMRP-1prom-GUS-35Ster cassette.
Plant transformations
Zea mays [cv. A188, obtained from the National Plant Germplasm System (NPGS) of the United States Department of Agriculture-Agricultural Research Service, USDA-ARS, http://www.ars-grin.gov], Hordeum vulgare (cv. Golden promise, also obtained from the USDA-ARS), Nicotiana tabacum (cv. Petit Havana line SR1, obtained from Japan Tobacco Co. Ltd, Japan) and Arabidopsis thaliana (ecotype Col-0, obtained from the Nottingham Arabidopsis Stock Centre (NASC), http://arabidopsis.info) were used to produce ZmMRP-1p-GUS reporter lines.
For maize transformation, the plasmid BIOS1190 was transferred to Agrobacterium tumefaciens LBA4404 (pSB1) according to , and the maize transformed essentially as described by Ishida et al. (1996) . Barley transgenic lines were generated by Agrobacterium tumefaciens (strain AGL1)-mediated transformation of immature embryos as described by Wang et al. 1998 .
Maize and barley transgenic plants were analyzed by Southern blotting: DNA was extracted from young leaf material as described by Sambrook et al. (1989) ; 15 g of DNA was digested and blotted onto nylon membranes (Roche) hybridized with a 32 P-radiolabelled probe containing the 3Ј end of the GUS gene (Hueros et al. 1995) .
Transgenic tobacco plants were obtained as described (Keil et al. 1989 ) from leaf disks of tissue cultured plants co-cultivated in a LBA4404 Agrobacterium tumefaciens suspension. Plant transformants were selected for resistance to kanamycin and, after rooting, were transferred to soil and grown in the greenhouse. The presence and integrity of the constructs was tested by Southern hybridization using 10 g of genomic DNA as described above.
One-month-old Arabidopsis plants were used for Xoral dip transformations mediated by C58C1pGV3101 Agrobacterium tumefaciens as described by Clough and Bent (1998) . Seeds of primary transformants were plated on Murashige and Skoog (MS) medium containing 0.8% agar, 1% sucrose with 50 g/mL kanamycin, and 50 g/mL ampicillin. Resistant plants were transferred to soil after 2 weeks. Blot hybridization analysis of the nucleic acids was performed using 5 g of genomic DNA, as described above.
GUS activity assays
Expression of the GUS gene was detected by histochemical staining according to the method of JeVerson et al. (1987) . Tissues were stained for GUS in a medium containing 0.5 mg/mL X-glucuronide (Duchefa), 0.5 mM K + -ferrocyanide, 0.5 mM K + -ferricyanide, 10 mM Na 2 EDTA, 50 mM phosphate buVer, pH 7, 0.1% Triton X-100, and 20% (v/v) methanol. Plant tissues were counterstained with Safranin-O (Sigma) in 50% EtOH.
GUS activity quantitative assays were performed according to JeVerson et al. (1987) . Pools of 150-200 seeds each were germinated for 36 h on solid MS medium containing glucose, sucrose, fructose or mannitol as the only sugar source at a concentration either 0.11 or 0.165 M. Three independent replicas were performed for each experiment. Seeds were homogenized in GUS extraction buVer (0.1 M Na 2 HPO 4 , pH 7, 0.25 M EDTA, 0.1% Triton X-100 and 0.0007% -mercaptoethanol) and the protein concentration measured by the Bradford assay (Bradford 1976) using bovine serum albumin as a standard. 15-30 g of total protein were used for the Xuorimetric GUS expression assay using MUG (4-methylumbelliferyl -D-glucuronide) as a substrate. Fluorescence of the MU (4-methylumbelliferone) product was measured using a Wallac Victor 2 1420 multilabel counter plate reader (Perkin Elmer). The results are expressed as picomoles of MU produced per minute and milligram of total protein.
Yeast assays
Saccharomyces cerevisae strain MaV203 (Invitrogen) was transformed with vector pYC7 (Chang and Timberlake 1992) containing the 850 bp ZmMRP-1 promoter sequence fused to the lacZ reporter gene. This plasmid confers yeast cells the ability to grow in an SD medium lacking uracil (SD-ura). Transformed cells were grown at 30°C in liquid SD-ura medium containing 2% glucose until an OD 600 of 1 was obtained. Cells were collected by centrifugation, washed in sterile deionized water and divided into equal aliquots that were resuspended in SD-ura medium containing 2% glucose, 2% fructose, 2% sucrose or 2% mannitol. Three replicates of each culture were performed. After growing for 4 h at 30°C, the cells were collected by centrifugation and total protein extracted using YeastBuster™ Protein Extraction Reagent (Novagen). Protein concentration was measured by the Bradford assay (Bradford 1976) using bovine serum albumin as a standard; 19 g of total protein was used in a standard Xuorimetric assay of -galactosidase activity using MUG-a (4-methylumbelliferyl -D-galactoside) as a substrate. These assays were undertaken at 25°C in a Wnal volume of 200 l of 60 mM K 2 HPO 4 , 40 mM KH 2 PO 4 and 100 mM NaCl. 20 l aliquots were withdrawn at 0, 20, 40, 60 and 80 min. After stopping the reaction with 0.2 M Na 2 CO 3 , the Xuorescence of the 4-methylumbelliferone (MU) produced by hydrolysis of MUG-a was measured using a Wallac Victor 2 1420 instrument (Perkin Elmer) and compared with the Xuorescence produced by known quantities of MU. The results are expressed as picomoles of MU produced per minute and milligram of total protein.
Histological analyses
Plant material was stained for GUS as describe above. Seed samples were then Wxed with FAA (10% acetic acid glacial, 5% formaldehyde, 50% ethanol) for 30 min. After this treatment, the germinating seeds were dehydrated and stained for 24 h with 0.2% eosin in ethanol. The samples were then embedded in wax (Paraplast, Sigma) using tertbutanol as a solvent (Weigel and Glazebrook 2002) .
Stems from tobacco were Wxed in 4% paraformaldehyde, 0.1% glutaraldehyde in 0.1 M sodium phosphate buVer pH 7.2 for 12 h. Samples were dehydrated and embedded in wax (Paraplast, Sigma) using xylol as a solvent (Hueros et al. 1995) .
Sections 8-10 m thick were Wxed to glass slides treated with 3-aminopropyltriethoxylane, deparaYnated in xylol, counterstained with Safranin O, and mounted in DEPEX.
Nematode infection
The root-knot nematode, Meloidogyne javanica, was obtained from Dr. F Grundler (University of Natural Resources and Applied Life Sciences, Vienna, Austria) and maintained in our laboratory, growing in vitro on cucumber roots. Twelve to Wfteen Arabidopsis seedlings were grown per plate for 8 days in a growth chamber at 22°C and under a 16-h light and 8-h dark photoperiod. Second stage nematode juveniles (J2) were then used to inoculate these Arabidopsis plants (using about 100 individuals per plant).
Infected roots were examined using a stereo microscope to detect the swelling corresponding to gall development. GUS activity was assayed at 5, 10, 15 and 20 days after nematode inoculation.
Results
Characterization of a functional promoter for ZmMRP-1
The isolation of ZmMRP-1 genomic clones has previously been reported (Gómez et al. 2002 ). An 850-bp fragment located upstream from the start codon of ZmMRP-1 was fused to the GUS reporter gene and the resulting construct introduced into the experimental maize plants. Of seven primary transformants analyzed, six showed GUS expression in the immature kernels. Detailed analysis of the GUS expression patterns in these plants revealed the tested 850-bp fragment to be indeed a functional ZmMRP-1 promoter that drives GUS reporter expression exclusively in the endosperm transfer layer (Fig. 1) . The GUS expression pattern was compatible with the reported transcription pattern of the ZmMRP-1 gene in transfer cells (Gómez et al. 2002) , although the timing of expression of the reporter seems to be slightly delayed as compared to the expression of ZmMRP-1. No signal was detected in other plant tissues, either in roots, stem, leaves or tassels. Within the endosperm, the expression of the reporter seems to be restricted to the basal transfer cell layer, although expression of the reporter gene in the embryo surrounding region, immediately adjacent to the transfer cell layer, can not be excluded from the histochemical analyses shown in Fig. 1 .
Promoter activity in barley
Barley is a temperate cereal whose seeds contain the same basic components present in maize, but in a clearly diVerent spatial arrangement. Consequently, the question arises as to whether, in this species, the functional ZmMRP-1 promoter targets tissues functionally equivalent to the maize transfer cells. In barley, nutrients pass symplastically via sieve elements through the chalazal region to the maternal nucellar tissues at the crease, and from there to the endosperm cavity, which runs parallel to the phloem strands along the length of the grain. The outer cell layer of the endosperm, which is in intimate contact with the cavity, is also modiWed to form a transfer cell layer, the functional homologue e Basal area of the endosperm from c at a higher magniWcation. An indigo precipitate, indicating GUS activity, is observed in the transfer cell layer (TCL), which extends at the base of the endosperm, in front of the phloem terminals at the pedicel. En endosperm, Em embryo, Pd pedicel. Bars 1 mm of the maize endosperm transfer cell layer Royo et al. 2007 ).
Thirty-six barley transgenic lines containing the ZmMRP-1pGUS construct were analyzed. The GUS signal was detected in developing grains in the endosperm transfer cells (also referred to as the modiWed aleurone layer) surrounding the endosperm cavity (Fig. 2c) .
Unlike in maize, in which the ZmMRP-1 promoter is only active in the endosperm transfer cell layer, in the barley transgenic plants a strong GUS signal was also detected at the base of the spikelets (Fig. 2a, b) where the vascular tissues within the plexus contain numerous highly diVerentiated xylem and phloem transfer cells. Each sterile glume possesses vascular bundles that contain transfer cells only near the region where the glume is attached to the rachis (Zee and O'Brien 1971) , the tissue where ZmMRP-1p-GUS activity was observed. No signal was found in other barley organs or tissues (data not shown).
Promoter activity during seed germination of dicots Dicot seeds, particularly those of non-endospermic species, have a very diVerent structure to cereal seeds, even though an ephemeral endosperm has been described in tobacco and Arabidopsis. The organization of the posterior endosperm chalazal cyst and its anatomic relationship with vascular terminals suggest that this tissue might be a functional homologue of the BETL, but a role for the posterior endosperm and maternal tissues in transporting nutrients remains to be demonstrated (Berger 2003; Olsen 2004) . In this work, eight lines of tobacco and six of Arabidopsis transgenic plants containing the ZmMRP-1pGUS construct were obtained, the GUS expression pattern described below was identical in all the lines, although the signal intensity varied among lines (not shown), probably reXecting chromosomal position eVects on the construct activity. In contrast to the situation observed in cereals, no promoter activity could be detected in either Arabidopsis or tobacco developing seeds (data not shown), a strong GUS signal was detected, however, in seeds germinated in MS medium containing 1% sucrose. In germinating tobacco seeds, GUS activity was mainly detected at the micropylar region (also referred to as the endosperm cap) of the endosperm, through which the radicle emerges at germination (Fig. 3a,  b) . A weaker GUS signal was also detected later in development in the peripheral endosperm, the functional equivalent to the cereal aleurone layer (data not shown, Olsen 2004) .
In transgenic Arabidopsis seeds, the GUS expression pattern essentially reproduced that seen in tobacco. This signal was Wrst detected at the micropylar region at the time of radicle emergence (Fig. 3e, f) and later on in the peripheral cells surrounding the embryo (Fig. 3c, d ). Note that the plant had nearly completely (Fig. 3c) or completely ( Fig. 3d) emerged from the seed coat-endosperm in these older seedlings, whilst it was completely included in the seed coat in the other images presented in Fig. 3 . The peripheral endosperm has been related to the aleurone layer of cereals since both produce hydrolases, glucanases and proteinases when germination starts (Bethke et al. 2007 ). The signal intensity in the peripheral cells increased when the seeds were germinated in liquid media containing increasing concentrations of glucose (not shown).
Promoter activity in the nodal regions of seedlings and young branching points of adult plants Strong ZmMRP-1 promoter activity was detected in the intercotyledonary regions of the stems of young tobacco and Arabidopsis seedlings (Fig. 4) . The intensity of the signal decreased as the seedling matured, and Wnally disappeared when the leaves are fully developed (not shown). This agrees with the reported presence of a transfer cell "collar" at the cotyledonary node which participates in the early nutrition of young plantlets, particularly before they develop proper connections with the primary vascular system already connecting the cotyledons and roots . GUS activity was found to concentrate in the regions where the vascular bundles from cotyledons, stem and leaf primordia conXux forming an anastomosis area (Fig. 4b) . Higher magniWcation images of these areas demonstrate that the ZmMRP-1 promoter is highly active at the merging and branching points of the conXuent vessels ( Fig. 4c, d ; arrowheads). SigniWcantly, promoter activity became undetectable by the time the stem-leaves vascular connections were properly established and the cotyledon bundles cease to provide nutrients to the plantlet axis.
SigniWcant GUS activity was also detected in the tissue surrounding the hydathodes of the cotyledons and young leaves (Fig. 4a) , regions where exudate is actively transported between the xylem and the gland (Pilot et al. 2004 ). As described above for the peripheral endosperm, a dramatic increase in signal intensity was observed when the seeds were germinated in liquid media with increasing concentrations of glucose (not shown). No change was observed, however, in the pattern of expression of the reporter.
The eVect of diVerent sugars on promoter activity was quantiWed by measuring GUS activity on protein extracts from transgenic Arabidopsis seeds germinated for 36 h on solid medium containing glucose, fructose, sucrose or mannitol (Fig. 4e) . GUS activity depended on the sugar included in the medium, glucose being the best inducer at the two concentrations tested, 0.11 and 0.165 M. GUS activity in the presence of glucose increased from 1,267 § 199 to 1,583 § 245 pmol MU min ¡1 mg protein ¡1 , whereas in the presence of the non-metabolizable sugar mannitol the corresponding values were 629 § 190 and 1,093 § 45 pmol MU min ¡1 mg protein
¡1
. GUS activity quantiWcation was not possible in protein extracts from plantlets sown in media containing diVerent sugars, a very low GUS activity was measured in all cases (not shown) possibly reXecting the relative low number of cells that express GUS in each plantlet.
These experiments did not show, however, which sugar ultimately arrives at the cells expressing the construct (the site of expression remains unchanged in all treatments). In addition, the possibility remains that the sugar promoter-inducing activities were the result of its eVect on the plant physiology, for instance, at the level of transport rate, rather than a more direct eVect on the promoter transcriptional activity. To overcome these diYculties, the eVect of the diVerent sugars on ZmMRP-1 promoter activity was analyzed in Saccharomyces cerevisae cells carrying a construct containing the 850-bp promoter fused to the lacZ reporter gene. To minimize Fig. 3 a-f At germination, the promoter of ZmMRP-1 is active in the endosperm of transgenic Arabidopsis and tobacco. a and b Germinating tobacco seeds stained for GUS; a faint signal is observed over all the endosperm but it is particularly intense in the micropylar endosperm or endosperm cap (Ecap); three seeds showing progressively more developed radicle (R) are shown. c-f Germinating Arabidopsis seeds. c GUS activity is patent in the peripheral endosperm (Pe) in older seedlings. d Transversal section of a seed coat and peripheral endosperm once the plantlet has emerged. e Longitudinal section of a germinating seed. Em embryo. f Enlarged view of the micropylar endosperm (Ecap). Bars 1 mm (a, b) , 100 m (c-f) the eVect of the physiological stage of the cells on promoter activity, all yeast cells were grown to logarithmic phase on standard SD medium containing 2% glucose before being incubated in SD medium with glucose, fructose, sucrose or mannitol as the only sugar source. Promoter induction, measured as -galactosidase activity 4 h later, was strongly dependent on the sugar source (Fig. 4f) ; the promoter was moderately activated by sucrose and strongly induced by the monosaccharides of sucrose (especially glucose).
GUS activity was detected with similar patterns in Arabidopsis and tobacco, at the branching points of young stems in adult plants (Fig. 5) . In these regions, the xylem parenchyma cells of the departing foliar traces were transformed into transfer cells ( Fig. 5c, d ; Gunning et al. 1970) . GUS signal intensity reached a maximum when a new branch, leaf or reproductive structure started to depart from the stem. Subsequently, it faded away as these lateral structures developed their vascular connections with the main vascular system of the stem.
Promoter activity at the base of reproductive organs
In Arabidopsis plants, GUS activity was detectable at the base of the fruits. The intensity of the signal was correlated with the developmental stage of these fruits, and consequently their strength as sinks. The maximum activity of the ZmMRP-1 promoter was observed at the Wrst stages of fruit development, when nutrient uptake was highest in the immature siliques; it then decreased to become almost undetectable at full maturity (Fig. 6a) .
In tobacco plants, this signal was also detected at the base of the Xowers and fruits (Fig. 6b, c) . At the base of the tobacco capsule, the GUS signal was located bordering the vascular system, from where it extended to the "placenta" formed by the phloem terminals at the base of the seeds (Fig. 6c) .
The existence of a positive correlation between the activity of the ZmMRP-1 promoter and sink strength was conWrmed in the tobacco plants, where the GUS signal disappeared at the base of the capsule of a non-pollinated Xower while normal pedicel staining persisted at the base of a pollinated Xower on the same branch (Fig. 6d) .
Promoter activity in giant cells induced by nematodes
Nematode infection leads to the development of feeding structures, and therefore sinks, containing cells with transfer cell features (Jones and Northcote 1972) . The GUS expression signal driven by the ZmMRP-1 promoter was detected during the Wrst stages of Arabidopsis root infection by Meleidogyne javanica. During this type of infection, some xylem parenchymatous cells are selected for the development of a feeding structure formed of multinucleate giant cells. These cells suVer synchronous nuclear divisions without cytokinesis, the development of cell wall invaginations and hypertrophy. Galling of the cortical tissue enclosing the feeding site and the growing nematode accompanies these processes (Sijmons 1993) .
ZmMRP-1 promoter activity was restricted to the period between 5 and 10 days after nematode inoculation (Fig. 7a,  b) ; the Wrst stage of gall development when the giant cells begin to establish the nutrient uptake process. Subsequently, the GUS signal decreased to become undetectable until the egg mass was secreted within a gelatinous matrix (Fig. 7c, d) .
Discussion
The present results show that the proximal 850-bp fragment upstream of the start codon of ZmMRP-1 is suYcient to direct GUS reporter gene activity in several maize transgenic lines, and in a way that closely resembles the spatial and temporal pattern of ZmMRP-1 expression ( Fig. 1 ; Gómez et al. 2002) . The speciWcity of the ZmMRP-1 promoter was identical to that of other transfer cell promoters such as BETL-1 (Hueros et al. 1999a) and Meg-1 (Gutiérrez- Marcos et al. 2004 ). The expression of the reporter gene seems to be, however, delayed as compared to the endogenous gene, which is detected by in situ hybridization as early as 3 DAP and reaches a maximum of expression between 11 and 16 DAP (Gómez et al. 2002) . This behavior was already observed for the promoter of BETL-1 (Hueros et al. 1999a ) and could be interpreted as the result of (1) the low sensitivity of the GUS histochemical assay, which would make diYcult the detection of the expression at the earliest developmental stages (2) the stability of the GUS protein, which would extend the duration of the apparent expression peak once the protein is accumulated. ZmMRP-1 is not expressed in the embryo surrounding region (ESR; Gómez et al. 2002) , which constitutes a separate expression domain within the endosperm (OpsahlFerstadt et al. 1997) . Activity of the ZmMRP-1 promoter in the embryo surrounding region cannot be excluded from our data; however, due to the close proximity of the ESR cells to the transfer cell layer at its ad-germinal side and the diVuse GUS signal that covers the entire basal endosperm (Fig. 1) . Closer inspection of sectioned material (not shown) suggest that indeed the promoter activity is excluded from the ESR, but a precise mapping of the promoter activity would probably require in situ detection of GUS mRNA. Identifying the signals controlling the activity of the ZmMRP-1 promoter in maize is impeded by the diYculty of accessing the endosperm transfer cells in order to manipulate the putative signals that diVuse from the maternal phloem cells (and which are presumably necessary for its diVerentiation) (Gómez et al. 2002) . In previous studies, we were unable to detect or induce ZmMRP-1, or any other transfer cell-speciWc gene (Hueros et al. 1995 (Hueros et al. , 1999a Gómez et al. 2002) , in maize plant tissues other than the endosperm transfer cells. This suggests that the mechanisms regulating gene expression in transfer cells are tightly controlled in maize. We, therefore, decided to introduce the ZmMRP-1prom-GUS construct into the heterologous species barley, Arabidopsis and tobacco, in which the promoter would likely be less strongly controlled and the resulting GUS expression patterns likely to provide additional information regarding the regulation of ZmMRP-1 promoter.
In temperate cereals, such as barley and wheat, seed anatomy strongly diVers from that observed in maize (Royo et al. 2007 ). Nutrients are uploaded into the endosperm from a cavity running along the seed, rather than from the pedicel as in maize. The endosperm cavity is surrounded by a modiWed aleurone layer composed of cells showing transfer cell morphology, and which are involved in the transport of nutrients into the developing endosperm (Wang and Fisher 1994; Weschke et al. 2003) . In this work, ZmMRP-1 promoter activity was detected in the developing modiWed aleurone layer of the barley (Fig. 2c ). This provides a functional link between the modiWed aleurone layer in barley and maize transfer cells, as well as a Wrst indication that the promoter responds to functional, transport-related signals rather than positional signals, which would have targeted the promoter expression to the base of the barley grain. Interestingly, no expression was detected in the transfer cells found at the nucellar projection. This is consistent with the pattern of other maize transfer cell-speciWc promoters examined in barley (data not shown). In addition, the existence of endosperm and nucellar transfer cells as two separate expression domains has been demonstrated by the identiWcation of genes speciWcally expressed in each of these tissues (Drea et al. 2005) . The signalling mechanisms operating in the endosperm maize and wheat/barley transfer cells probably diVer profoundly from those found at the nucellar projection transfer cells of wheat/barley. The former cell types are specialized in the uptake of nutrients to nurse sink organs (such as the developing endosperm or young leaves and stem branches; see below), while the latter facilitate the transit of nutrients from the vascular terminals to the endosperm cavity. GUS expression was also detected in the developing barley spikelets (see below).
Fig. 6 a-d
The ZmMRP-1 promoter is active at the base of reproductive structures. a GUS expression at the base of Xowers and fruits in Arabidopsis; the signal intensity increases from Xower budding (FB) to reach a maximum at the pedicel of the siliques at the mid-maturation stage (MMS); it then decreases as the fruit enters the seed Wlling phase. b GUS signal at the base of a tobacco Xower (arrow). c The signal is most intense at the pedicel (Pd), the vasculature nodes (VN) and the placental area (Pl) under the seeds (S) of a pollinated tobacco Xower at mid-maturation phase. d The GUS signal disappears from the pedicel of an emasculated non-pollinated Xower (NP) but reaches normal levels (arrow) in an emasculated manually-pollinated Xower (P) emerging at the same branching point The expression pattern of the reporter gene in Arabidopsis and tobacco was basically identical, indicating that the signals regulating the in vivo expression of ZmMRP-1, and very likely the diVerentiation of transfer cell areas, are conserved in both species. GUS expression was detected in several tissues and organs in these transgenic reporter lines. The diVerent patterns of expression can be assigned to two functional classes: (1) that of the nodal regions of young stems and the base of reproductive structures, and (2) that of the endosperm in germinating Arabidopsis and tobacco.
GUS expression in the nodal regions of young stems and at the base of reproductive structures
The GUS expression observed at diVerent points of the vegetative structures in the present transgenic Arabidopsis and tobacco plants was always restricted to immature tissues apparently involved in the active transport of nutrients. In young tobacco and Arabidopsis seedlings, the expression of GUS was detected in the nodal region of the stems, at the base of the cotyledons, and at the end point of the cotyledonary leaves close to the hydathodes (Fig. 4) . The presence of a "collar" of transfer cells at the cotyledonary nodes was described by Pate et al. (1970) . They appear after seed germination and usually diVerentiate from the xylem parenchyma of the cotyledonary traces. These transfer cells play a very important role during the early nutrition of the young plumule, particularly before it develops proper vascular connections with the primary vascular system already connecting the cotyledons and roots Pate and Gunning 1972) . The GUS signal begins to decrease, and eventually disappears in the cotyledonary node when these vascular connections are Wnally established. The whole mount-high resolution images shown in Fig. 4b-d revealed that the promoter driven GUS expression reached a maximum at the anastomosis regions formed at the place where the vascular bundles from cotyledons, leaf primordia and stem converge. This further reinforces the suggestion that the ZmMRP-1 promoter responds to situations in which an active transport system is being established.
Hydathodes retrieve ions and organic molecules from the apoplasm and the xylem sap and exude water via the guttation stream; they are also involved in the selective absorption and retrieval of both inorganic and organic solutes (Esau 1977) . In some species, cells positioned between the xylem and the hydathodes develop the characteristic transfer cell wall ingrowths, as they are the main regulators of the bidirectional transport established between the vascular tissue and the external environment (Pate and Gunning 1972) . Again, the GUS signal was detected only in the cotyledons and young leaves, progressively decreasing (until disappearing) as they matured, even though hydathodes continue to be functional in adult leaves. Therefore, as in maize and barley endosperm transfer cells, ZmMRP-1 promoter activity in solute exchanging areas is only detectable during the Wrst stages of diVerentiation of the transport areas, becoming silent when transport ceases or the vascular connections are fully established.
In the nodes along the stem, the expression of GUS was also transitory and restricted to transport areas (Fig. 5) . Transfer cells have been detected in the vascular tissues of nodes and adjacent region of internodes in a wide variety of plants . In every case, these cells occur as a modiWed xylem parenchyma and are predominantly associated with departing foliar traces. These cells facilitate the transfer of nutrients to organs, like at the young apices and axillary meristems still not connected to the main vasculature. It should be noted that the expression of GUS in Arabidopsis and tobacco plants reproduces this pattern of development, with the GUS signal being restricted to the young nodes (Fig. 5a, b) , and more speciWcally to the transfer cells modiWed from the xylem parenchyma (Fig. 5c, d) . A similar situation has been reported in the spikelets of wheat, at the nodes where the sterile glumes are attached to the rachilla (Zee and O'Brien 1971) . In the present barley reporter lines, GUS expression followed the development and diVerentiation of transfer cells in the vascular system, in the main bundles supplying nutrients to those Xoral organs (Fig. 2a, b) .
The results of the analyses of GUS expression in developing Xowers and fruits provide additional support to the hypothesis that the ZmMRP-1 promoter responds to the same signals that induce the diVerentiation of transfer cells. The intensity of the GUS signal at the base of the siliques increases over fruit development, reaching a maximum when the siliques are fully expanded, right before the fruits switch from the diVerentiation to the seed Wlling and maturation processes (Fig. 6a) .
The interdependence between transfer cell diVerentiation and the need to establish an eYcient transport mechanism has been investigated by experimental elimination of the sinks; fruit elimination or preventing fertilization abolishes the diVerentiation process (Pate and Gunning 1972) . Similarly, in the present transgenic tobacco plants, the GUS signal disappeared from the pedicel of Xowers in which pollination was prevented, but not from pollinated Xowers on the same branch (Fig. 6d) . Additional evidence of sink dependence on promoter activity was provided by the experimental infection of transgenic roots with nematodes (Fig. 7) . The promoter of ZmMRP-1 was transiently active during infection when the feeding structures were being induced by the nematodes. No promoter activity was detected during the most active transport phase, when the giant cells have completely diVerentiated (Goverse et al. 2000) .
Promoter activity in the endosperm of germinating Arabidopsis and tobacco seeds
The expression of the ZmMRP-1 promoter in transgenic Arabidopsis and tobacco seeds at germination was an unexpected result. In cereal seeds, this promoter activity is strictly conWned to the seed development phase (Gómez et al. 2002; this work) . The lack of signal during the maturation phase agrees with the minimal contribution of the endosperm to seed development in dicot species, where it is consumed by the cotyledons and becomes a residual structure in mature seeds. This also suggests that the endosperm does not develop specialized transport structures and probably does not make a major contribution to the seed Wlling process, despite the apparently conserved antero-posterior organization of endosperm domains in cereals and dicots suggesting the existence of homologies between the posterior chalazal endosperm and the maize basal transfer cell layer (Berger 2003; Olsen 2004) .
At germination, however, GUS expression was detected in the remnants of the peripheral endosperm, along with strong expression in the micropylar endosperm in germinating Arabidopsis and tobacco seeds (Fig. 3) . The activation of the ZmMRP-1 promoter at seed germination appears not to be related to the development of transport structures. This activation might be caused by signals present in the promoter due to its endospermic origin; these signals would be read incorrectly in the dicot systems since the activity is detected in germinating, rather than developing seeds. SigniWcantly, neither the maize nor barley transgenic plants showed any promoter expression in the germinating seeds (not shown). Alternatively, the induction of the ZmMRP-1 promoter in the endosperm of Arabidopsis and tobacco during germination might indicate that it is responsive to signals involved in defence responses. This would agree with the role of ZmMRP-1 as a transcriptional regulator of some genes encoding antimicrobial peptides, and with the putative defence role of the cereal endosperm transfer cells in developing grains (Serna et al. 2001) . The presence of active defence-related signalling pathways in germinating seeds is not unexpected, in fact it has been suggested that the main function of the genes expressed by the endosperm during germination is to provide a prophylactic mechanism against microbial infection (Wu et al. 2001 ).
Sugars and the regulation of the ZmMRP-1 promoter
The observed increase in promoter activity when incubating germinating seeds and seedlings in increasing concentrations of sugars (Fig. 4e for quantitative data on germinating seeds) suggests that the increase in monosaccharides at the exchange areas might trigger the diVerentiation of transfer tissues. These results also conWrm that cell identity is a major determinant of ZmMRP-1 expression, since the increase in reporter gene expression induced by glucose did not result in expression of the promoter at additional sites within the plant (not shown). These results suggest that developmental signals, rather than the concentration of any given metabolite, ultimately determine the sites of expression of ZmMRP-1. The concentration of sugars would then act as a modulator of the promoter activity; this eVect is, however, diYcult to study in the plant system since the nature of the signal that ultimately reaches the cells expressing the construct is unknown. Furthermore, the sugar composition of the diVerent media might inXuence the physiology of the seedlings (including the transport rate), thus indirectly inXuencing promoter activity.
These diYculties are overcome in a cell system such as yeast, where the cells are grown up to log phase in identical media followed by a short incubation period with the diVerent sugars. Indeed, the present results suggest a strong inductive eVect of glucose and fructose on the ZmMRP-1 promoter in yeast (Fig. 4f) .
In vitro experiments have shown a direct inXuence of sugars on transfer cell diVerentiation at the surface of Vicia faba cotyledons (OZer et al. 1997; Weber et al. 1997; Farley et al. 2000) . These experiments indicate that apoplastic sugars, although more precisely the hexoses/sucrose ratio, induce and modulate epidermal transfer cell diVerentiation. Importantly, the present data show that the promoter of ZmMRP-1 regulates the site of expression of this transfer cell-speciWc transcriptional activator in response to tissuespeciWc signals, while the expression level at those sites is modulated by the concentration of hexoses.
This work shows that the ZmMRP-1 promoter is induced in developing transport-related cells located at the exchanging interfaces between diVerent plant compartments. The promoter is silenced, however, when (1) a proper vasculature connection is established, thus making transfer cellfacilitated transport unnecessary, or (2) the transfer cells are fully diVerentiated and an active transport function, but no further cell diVerentiation, is required. The present results suggest that the ZmMRP-1 promoter might be induced by some of the solutes being transported.
